Most normal mammalian cell lines demonstrate limited growth capacity due to the gradual accumulation of senescent cells in the culture. Senescent cells appear initially at a low incidence, but with increasing frequency as the culture accumulates more divisions. Because it has been suggested that senescence is regulated by telomere shortening in human cells, we compared the telomere lengths of the subpopulation of senescent cells, present in presenescent cultures, with those of young cells. Senescent cells were separated from young cycling cells by either bromodeoxyuridine (BrdU) incorporation followed by Hoechst dye and light treatment or DiI staining followed by separation on a high-speed cell sorter. Our results demonstrate that telomeres of early-senescing cells are the same length, and must shorten at the same rate, as cycling sister cells in the culture. Therefore, senescent cells in young mass cultures occur as a result of a stochastic, nontelomere-dependent process that we have described: sudden senescence syndrome.
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M
OST normal mammalian cell lines demonstrate a common growth pattern during proliferation in vitro. Cultures initially have a period of rapid growth during which the majority of the cells divide vigorously. As the culture accumulates more divisions, the growth potential declines due to the gradual increase in the fraction of nondividing, senescent cells. Eventually, the entire culture enters the terminally nondividing state, referred to as replicative senescence (1, 2) . Upon growth cessation, senescent cells do not die, but remain viable in the culture, and undergo various morphological and biochemical changes, e.g., cell size enlargement, endogenous senescence-associated senescence-associated b-galactosidase (SA-b-gal) staining at pH 6.0 (3) (4) (5) , and altered gene expression (6, 7) . It has been described that senescent cells appear in the culture in a stochastic manner (8) , and this can occur within the period of one cell division. For example, in daughter cell experiments, Smith and Whitney (8) demonstrated that the degree of difference in doubling potentials between two cells arising from a single mitotic event can vary from 0 to greater than 8 population doublings (PDs), and even more cell generations (9) . This stochastic aspect of cellular aging is an intriguing but not well understood phenomenon. A few models have been proposed suggesting that these and other characteristics of cell senescence have their origins in processes related to the maintenance of telomeres, repetitive sequences at the ends of all eukaryotic chromosomes. These models include abrupt shortening of one or a few telomeres in the cell (10), stochastic uncapping of telomeres (11) , or accelerated telomere shortening in a subpopulation of cells (12, 13) . To examine this, we analyzed telomere length of the early-senescing cell subpopulation present in actively dividing normal human fibroblast cultures. Fractions of nondividing senescent cells were isolated from cycling cultures by either bromodeoxyuridine (BrdU) incorporation followed by Hoechst dye and light treatment or by 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanineperchlorate (DiI) staining and separation on a high-speed flow cytometer-cell sorter. Telomere lengths of the selected populations of young versus senescent cells were then determined.
EXPERIMENTAL PROCEDURES

Cell Lines and Culture Conditions
Normal human foreskin fibroblast (NF) cells were isolated from the upper arm of a 7-year-old female donor at the Neurochemical Laboratory, Department of Chemistry and Biochemistry School of Medicine, University of Zagreb. HCA2 (MJ90) cells were isolated previously from neonatal foreskin in the Pereira-Smith laboratory. Cells were grown in Dulbecco's modified Eagle's medium (DMEM; Sigma, St. Louis, MO), supplemented with 10% fetal bovine serum (FBS) and sodium carbonate at 3.7 mg/ml in 5% CO 2 . Under these conditions, the NF and HCA2 cultures consistently and from many, independently thawed frozen stocks undergo 55 and 70 PDs prior to senescence, respectively.
BrdU Selection
NF cells were seeded at approximately 50% confluence (2 3 10 4 cells/cm 2 ) in four T75 tissue-culture flasks (75 cm 2 ; Techno Plastic Products, Trasadingen, Switzerland) containing 20 ml of medium with serum and 20 lM BrdU (Sigma), and were incubated at 378C under a light-tight aluminum cover. After 1 week, the cells were rinsed with DMEM without serum and refed with DMEM containing 1.6 lM 33258 Hoechst dye. The cultures were incubated in the dark for 2.5 hours and then irradiated from above by cool white fluorescent bulbs as previously described (14, 15) . This treatment was repeated weekly for up to 4 weeks during which time cell death of cycling cells occurred. When all the dividing cells had been eliminated, as monitored by microscopy, the cells from all four flasks were collected by trypsinization and pooled for DNA isolation and flow cytometric analysis. An aliquot of 5 3 10 4 cells was seeded into 35 mm tissue culture dishes for SA-bgal staining.
DiI Labeling and Flow Cytometry
NF or HCA2 cells were trypsinized and stained in suspension for 20 minutes in 5 lM solution of DiI (catalog No. D282, 100 mg; Molecular Probes, Eugene, OR), washed twice, and cultured in the dark. After 5-7 days, cells were trypsinized, washed twice in freshly prepared PBS (Sigma) containing 2% FBS (Sigma) and 0.02% EDTA (Sigma), resuspended in the same buffer at 2.5 3 10 7 /ml, and kept on ice until sorting. Control cells were stained for 20 minutes and placed on ice in the same buffer until sorting. Cells were analyzed and sorted on a MoFlo highspeed cell sorter (DakoCytomation, Glostrup, Denmark) using Summit software (DakoCytomation); a 488 nm Argon-Ion laser tuned on 125 mW of power was used as a source of excitation. Forward-scattered light and sidescattered light were detected with linear signal amplification ( Figure 1 ), whereas DiI-specific fluorescence emission was detected on the FL2 channel using a 570/30 dichroic emission filter and logarithmic signal amplification. Two separate cell populations were sorted simultaneously into 14 ml Falcon tubes coated with 100% FBS and containing 1 ml of FBS. Collected cells were centrifuged, resuspended in culture medium, counted, and used for DNA isolation and SA-b-gal staining.
SA-b-Gal Staining
For senescence-associated SA-b-gal staining, cells were plated into 30 mm tissue-culture dishes. Twenty-four hours later the cells were fixed and stained as described previously (5).
Southern Blot Analysis
Genomic DNA was isolated with a DNeasy Tissue Kit (Qiagen, Valencia, CA) and digested with RsaI/HinfI (Roche, Indianapolis, IN) restriction enzymes. Equal amounts (5 lg) of DNA were loaded on 0.8% agarose gel. DNA was transferred to nitrocellulose membranes (Roche) by capillary transfer, the membrane hybridized with digoxigenin-labeled terminal restriction fragment (TRF) telomere-specific probe detected with CDP-Star (Roche) using X-ray film (Kodak). The TRF telomere digoxigeninlabeled probe was prepared by polymerase chain reaction (PCR). Primers specific for the telomere sequence F: (CCCTAA) 4 , R: (TTAGGG) 4 were amplified by nontemplate PCR (948C/1.5 min, 948C/45 s, 528C/30 s, 728C/ 1 min, 728C/10 min; 30 cycles).
Densitometry and Telomere Length Analysis
Prior to densitometry, X-ray films were scanned with a UMAX Astra 4000U scanner (UMAX Technologies Inc., Dallas, TX). Densitometry was performed using ImageMaster VSD software (Amersham Biosciences, U.K.), Pharmacia Biotech, and data were analyzed using Mathematica 4 (Wolfram Research, Inc., Champaign, IL). Mean 
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telomere length and standard deviation was determined using the following formulas: For mean telomere lengths:
For standard deviation:
where ODi is the chemiluminescent signal and Li is the length of the TRF at position i (16). The calculation takes into account the higher signal intensity from the larger TRFs because of multiple hybridization of the telomere-specific hybridization probe. Thus the frequency fi of the telomeres of length Li is proportional to the ratio ODi/Li, for all i.
RESULTS
BrdU Selection and Telomere Length Analysis
Cultures of NF and HCA2 (MJ90) cells used in these studies reach senescence at about 55 and 70 PDs in culture, respectively. For BrdU selection and telomere length analysis, NF cells were used in PD 25 and nearly senescent PD 45 cultures. We used the classic method of BrdU selection (14, 15) , because BrdU is a nucleotide analog that incorporates into the DNA of all cycling cells. This incorporation is toxic to proliferating cells after long treatment times in combination with the addition of 33258 Hoechst dye and exposure to cool white fluorescent light. Using this approach, we were able to remove all cycling cells from the culture in 4-5 weeks of treatment. Noncycling cells remained viable, demonstrating a typical senescent phenotype and absence of any visible damage from the exposure to BrdU, Hoechst dye, and light ( Figure 2 ). Total genomic DNA was isolated from the BrdU-selected fraction of senescent cells as well as from untreated cultures, digested with RsaI and HinfI restriction enzymes, and used for Southern blot analysis ( Figure 3A ). After densitometry ( Figure 3B and C), we determined telomere length distribution, mean telomere lengths, and standard deviation for all samples as described in Experimental Procedures. For cells selected at PD 25, the measured value for mean TRF length (l) was 5.48 kb, and that for standard deviation was 1.98; these values were similar to values measured for untreated cultures (5.81 kb and 2.13, respectively) ( Figure  3B ). Similarly, for cells selected at PD 45, the measured value for mean TRF length (l) was 4.19 kb, and that for standard deviation was 2.04; again, these values were similar to those measured for untreated culture (4.08 kb and Figure 3C ). These results demonstrate that telomeres of BrdU-selected, early-senescing cells shorten at the same rate as do their cycling counterparts (see Table 1 ).
A major drawback of this method is that it involves comparison of telomere lengths of the fraction of senescent cells with those of the entire, heterogeneous, untreated culture. Therefore, we decided to label cells with DiI and then separate cycling and noncycling cells from the same culture to perform a comparative analysis of their telomere lengths.
Cell Sorting and Telomere Length Analysis
NF or HCA2 cells were stained with DiI (17) at PD 19, cultured for 5-7 days, and submitted to flow cytometric analysis, as described in Experimental Procedures. This dye integrates into cell membranes and fluoresces orange-red ( Figure 4 ). It has absorption and fluorescence emission maxima separated by about 65 nm, facilitating fluorescent detection efficiency. DiI labeling does not appreciably affect cell viability or basic physiological properties (17) . Labeled fibroblasts used in these experiments did not demonstrate any visible changes in growth rate, morphology, or viability when compared with untreated controls (data not shown). As labeled cells divide, each daughter cell inherits approximately 50% of the dye, in the next generation 25%, and so on. Flow cytometric analysis of the labeling intensities of cultured cells allowed for determination of the number of cell division cycles through which individual cells had progressed. Fluorescence signals detected from successive generations of DiI-labeled cells were quite broad, and overlapped to some extent ( Figure 1B, gray field) . However, it was possible to distinguish cells that had undergone 5-6 divisions from nondividing cells ( Figure  1D ). Cells were cultured for 5-7 days prior to flow cytometric analysis and sorting ( Figure 1C) . Positive control cells were cultured for the same period of time and then stained on the day of sorting. Negative controls were unstained cells cultured for 5-7 days ( Figure 1B) .
A sample from both cycling and noncycling fractions was further cultured to examine morphology and frequency of SA-b-gal staining ( Figure 1C ), a reliable marker for the senescent phenotype (5). The subpopulation of cycling cells (blue fraction in Figure 1C ) demonstrated a characteristic young morphology and very low frequency of SA-b-gal staining, typically less than 5%. In contrast, the noncycling subpopulation of cells (red fraction in Figure 1C ) demonstrated a typical senescent morphology and high frequency and intensity of SA-b-gal staining, typically more than 97%.
Immediately following cell sorting, total genomic DNA was isolated from both fractions for telomere repeat length analysis as described above ( Figure 5A ). Densitometry ( Figure 5B ) and calculation of telomere lengths distributions, mean telomere length, and standard deviation were calculated as above. Cycling cells had a mean telomere length of 6.378 kb and standard deviation of 2.247, which were the same as those of the senescent fraction (6.347 kb and 2.163, respectively) ( Figure 5B) .
Similar results were obtained with normal human neonatal foreskin fibroblast cells, HCA2 (MJ90) ( Table 1) . These results were also the same as those obtained from the BrdU experiment, demonstrating that telomeres of early-senescing cells shorten at the same rate as their cycling counterparts.
DISCUSSION
The appearance of individual senescent cells in normal cell cultures (described as Sudden Senescence Syndrome [SSS]) (8, 10) has led to the development of a few models attempting to explain this phenomenon. The stochastic appearance of senescent cells was first demonstrated by the experiments of Smith and Whitney (8) , in which the division potential of the two daughter cells from a single mitotic division was determined. It was found that the doubling potential between two cells arising from a single mitotic event could vary from 0 to more than 8 PDs. Thus, cells can potentially senesce within one cell division, long before the terminal, nondividing phase of the culture as a whole. This phenomenon is continuously present in proliferating cultures, as was demonstrated by consecutive subcloning experiments (8) . These results indicated that individual subclones of the same culture constantly generate heterogeneity in proliferative potential of the individual cells, resulting in a distinct bimodal distribution of cells. This heterogeneity is an intrinsic property of the culture so that a single clone produces a new bimodal distribution when it is subcloned again (8) . The frequency of SSS increases almost exponentially as the culture approaches its maximum number of divisions (8, 10) . It is interesting that a similar heterogeneity in proliferative potential of the individual cells in immortal human cell populations has been observed, as well as that heterogeneity is rapidly generated following subcloning (18, 19) .
In the last few years, data have implicated the dynamics of telomere shortening in the stochastic aspect of loss of proliferation in individual cells during cellular aging. Proposed models include stochastic changes in the levels or affinities of proteins that cap and uncap telomeres as they shorten (11), accelerated telomere shortening in a subpopulation of cells caused by stress via telomere-independent mechanisms (12,13), or abrupt shortening of a single telomere (10) . Because there are indications that gradual telomere shortening cannot explain the rapid development of intraclonal variation or the large differences in doubling potentials between the products of a single mitotic event, we previously proposed a molecular model that could explain SSS (10) . This model is based on both gradual and abrupt telomere shortening in which the main contributor to telomere erosion is progressive loss of terminal repeats superimposed on occasional catastrophic telomere deletion as a result of intrachromatid recombination. The latter event is initiated by strand invasion of the 39 overhang into the telomeric and subtelomeric border region followed by formation of a t-loop; this structure has been demonstrated to be present in normal and immortal human and mouse cells (20) . Our model explains the gradual increase of senescent cells in the culture by proposing that long telomeres have a stable conformation and a low probability of undergoing abrupt shortening but, as telomere shortening progresses, the probability of conformation changes to an unstable form increases almost exponentially ( Figure 6 ). It is difficult to explain the daughter cell experiment (8) by stochastic uncapping of telomeres, because a sister cell would not be able to continue to divide for many more PDs as has been described (8) . Additionally, although the senescent phenotype can be induced by a variety of stresses that are telomere-independent and inhibit cell growth [i.e., generalized DNA damage (21), oncogene activation (22) , or changes in histone acetylation by inhibition of histone deacetylases fHDACsg (23)], it is difficult to visualize that the accelerated telomere shortening of all the telomeres in one sister cell could cause loss of proliferation in that cell, while the other sister cell continues to divide.
Our present results demonstrating that the mean telomere length is essentially the same in both cycling (young) and noncycling (senescent) fractions of cells separated from the same, heterogeneous, mass culture strongly support the idea that, under normal cell culture conditions, abrupt telomere shortening of one or very few chromosomes is the most probable mechanism that determines the generation of heterogeneity in cell populations. This idea is consistent with studies in which the length of individual Xp/Yp allele telomere length was determined and found to vary greatly in clones from a mass culture (24) . These results are also in agreement with our recent findings with human telomerase reverse transcriptase (hTERT)-immortalized fibroblast mass cultures, in which large cells with a senescent phenotype were separated from small, young cells (25) . There was no detectable difference in telomere length between the two populations. These data were further confirmed by labeling telomeres with a fluorescent probe followed by cell sorting. One of the cell lines analyzed was HCA2 (MJ90) cells used in this study, as well as IMR90 and LF1 cells (human fetal lung fibroblast cultures).
Recently, Martin-Ruiz and colleagues (13) performed flow cytometric analysis, including lipofuschin fluorescence (this increases as cells become senescent), to separate young and senescent cells from cultures of MRC5, human fetal lung fibroblasts. They found that in these cells the maximum telomere length remained the same at all PDs examined as well as in sorted senescent cells. However, average telomere length was decreased in the senescent populations. Realtime PCR was performed to further validate this measure of average telomere length. Their hypothesis is that stressinduced cell-to-cell variation of accelerated telomere shortening is the main cause of the intrinsic heterogeneity in the division potential of human fibroblasts. One possible explanation for the difference in our results could be that MRC5 cells, in contrast to the skin fibroblast cells used in our studies, require more of these events to occur before entering senescence; therefore, early-senescent cells in those cultures have shorter average telomeres.
We also used BrdU incorporation to selectively kill off cycling cells. Michishita and colleagues (26) have reported the induction of a senescent-like phenotype in HeLa cells following exposure to BrdU. However, they used high concentrations of BrdU (50 lM), and studied only the immortal cell line HeLa. Loss of cell proliferation was observed within 3-5 days of exposure, and all the cells became senescent-like with no cell death observed. We used the classical approach of treatment with 20 lM BrdU, followed by Hoechst dye and/or light exposure to selectively kill off proliferating cells; this required 3-4 weeks of repeated treatment (14, 15) . By initiating such treatments with even early PD cultures, one can select for the senescent cells present because the percentage of low doubling potential cells has been demonstrated to be as high as 30% in a culture at PD 3 (27, 28) . We also know that HCA2 (MJ90) cells do not increase p16 levels at senescence (unpublished observations) similar to BJ (HCA3 cells), thus the BrdU treatment did not cause ''stasis.'' Furthermore, we obtained the same results with both BrdU selection and DiI sorting.
Because our studies have shown that the mean telomere length is essentially the same in both cycling (young) and noncycling (senescent) fractions of cells separated from the same culture, we cannot rule out uncapping of a single telomere as a mechanism that results in division cessation. The identification of circular telomeric DNA in some mammalian cell lines (29) , the presence of ultrashort, single telomeres in senescent human cells (24) , generation of tloop-sized deletions at human telomeres by homologous recombination (30) , along with the observations of Hemann and colleagues (31) and Smith and Whitney (8) favor our model of catastrophic telomere deletion ( Figure 6 ) as the mechanism that induces the stochastic p21/pRB-mediated permanent cell-cycle arrest observed in normal and immortal human cell cultures. Figure 6 . T-loop formation is stabilized by specific telomere-binding proteins. Model is based on a combination of both gradual and abrupt telomere shortening. Gradual telomere shortening occurs as a consequence of the inability of DNA polymerase to replicate the very end of chromosomal DNA as well as exonuclease degradation of the 59 strand at telomere ends. When a telomere reaches its critical length, it switches from stable to unstable conformation, which can provoke Holiday structure formation and a subsequent recombination event. Abrupt telomere shortening is predicted to occur through telomere 39-single-strand self-invasion at or near the telomere/subtelomere border region (between vertical dotted lines). Recombination results in a deletion of distal repeats through circularization.
